Reactive ion etching (RIE) of epitaxial, strained Si, _ ,Ge, alloys, x<O.20, in fluorine-, chlorine-, and bromine-based low-pressure plasmas has been investigated. The SiGe etch ratesincrease for each etchant with Ge concentration, e;g., for fluorine-based RIE fCF4 and SFh) the etch rate~of a SisoGem alloy is =2x that of elemental Si. Analysis shows that the etch rate-increase is not accounted for by the greater rate of gasification of Ge atoms alone but that the presence of Ge atoms in the SiGe alloy increases the rate of Si etch product formation.
Currently there is a great deal of interest in the study of the material properties and the processing characteristics of epitaxial silicon-germanium alloys grown on silicon. This interest is based on the ability to tailor the band gap and electronic properties of the SiGe alloy according to the requirements of a variety of novel electronic devices'12 and has been fueled by progress in thin-film growth techniques. 1r3-5 Dry etching of SiGe aIloys will be required in the fabrication of these new devices and circuits and at this time little is known about how it differs from the dry etching behavior of SiZandmGe.6 The investigation of halogen-based plasma etching of epitaxial Si, -,GeX on Si is also interesting from a scientific point of view since it can be viewed as a model system for the study of the interaction of a multicomponent substrate with an etching plasma, having the attraction of ff exible composition withnut change in crystal structure and the avaiIabi&y of a great deal of data on the variation of strain, band gap, etc. with alloy composition.
In this letter we report on the reactive ion etching (RlE) of epitaxial, strained SiGe thin films on Si(lO0) with a Ge content of up to ,20% in CF4, SF,, CF$&, and HBr. For CF4 and SF6 plasmas atomic fluorine is the primary etching species,7 for CF,CI, plasmas etchng is due to atomic Cl (Refs. 8 and 9) and in the case of HBr discharges etching is due to attack of Br atoms.'0**1 Undoped SiGe-alloy films with a film thickness of up to 800 nm were grown on 5 in. Si( 100) substrates using ultrahigh vacuum/ chemical vapor deposition (UHV/CVD).4*'Z Sample chips measuring 1.5 x 1.5 cm2 were cut from the wafers and reactive ion etched in a 13.56 MIIz reactor which has been described previously. 13,14 During RIE the samples were placed in the center of a 30-cm-diam electrode made of Cu and Al, which was water codled ( 15 "C) and covered -for the present experiments with a 2-mm-thick quartz plate. For RIE 200 W rf power was applied to the electrode using an automatic matching network. A flow rate of 100 seem was used for all gases, and a pressure of 25 mTorr was chosen. Ettih rates of the SiGe alloys were determined in situ using ellipsometry at 632,8 nm. Oxide and photoresist patterned samples were also etched to determine etch profiles. The surface chemistry of the SiGe alloys atier 5 min of reactive ion etching, i.e., after steady-state etching conditions had been established, was studied using x-ray photoemission employing Al 4% excitation. For these mea-surements the samples were moved under vacuum into a UHV surface analysis system (pressure = 10 -" Torr). The time between the end of the RIE process and acquisition of ,XPS data was 1Bs than IO-min. For the present work photoelectron spectra were acquired at grazing electron emission ( 15" from the surface!.
In Fig. --1 etch rates of SiGe alloys are shown as a function of Ge content in CF4, CF2Cl,, and HBr plasmas. For comparison the etch rates of single;crystal Si and Gem are shown. The etch rates of the SiGe alloys increase with the Ge content for each etching gas which is qualitatively consistent with the greater etch rate of Ge as compared to Si. The dashed lines which connect the SiGe alloy nata with the elemental Ge etch rate data are intended to help in the comparison of SiGe and Ge-etch rates, but it is not implied that the actual etch rates would show a depen-m dence on Ge content given by the dashed lines. The SiGe etch rate shows the strong@ increase with Ge content for the CF, plasma.
Analysis of profiles etched in photoresist-or oxidemasked SiGe films has shown that mask undercutting takes place for fluorine-rich discharges, e.g., SF,. No mask undercutting was observed with CF&& and HBr plasmas. These etch profile characteristics indicate that fijr Si, -t;GeX alloys F-based etching is ion assisted with a strong chemical etching component; but that Cl-and Brbased etching require ion bombardment. The behavior of Sil -XGeX alloys, xQl.20, is therefore in this respect the same as that of Si.' A more detailed discussion of the processing parameters and-etch profile results will he presented elsewhere. I5 The topic which we wish to discuss in the remainder of this letter are the mechanistic implications of the observed increase of the SiGe etch rate with Ge content.
The most straightforward explanation of the increase of the SiGe etch rate with Ge is that it is due to the greater gasification rate of Ce atoms and that the removal of Si and Fe atoms by the etchant atoms from the SiGe surface is independent and occurs at rates measured for the pure elements for the same plasma conditions. The curves la- 
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Comparison of the dependence of the SiGe/Si etch rate ratio in CF, on the Ge content of SiGe alloys with the predictions of etching models. In model "a" the removal of Si and Ge atoms of the SiGe alloy is independent and occurs at experimentally measured etch rates of the elements. Model "b" is the same as "a" but the Ge etch rate is assumed to be infinite. Model "c" is the same as model "a", but an equal number of Si atoms are gasified at a rate equal to that of the Ge atoms. (b) Same as (a) for CFrCl, RIE. (c) Same as (a) for HBr RIE atoms in the SiGe alloy a certain number of Si-Si bonds are replaced by Si-Ge bonds which are characterized by a smaller bond strength (3.12 eV is the bond strength of the diatomic molecule'6) than Si-Pi bonds (3.25 eV di-atomi&. The lower bond strength will increase the ease with which halogen atoms can attack this bond and, when the SiGe bond is broken, equal numbers of Ge-halogen and Si-halogen bonds are formed. This effect was taken into account in curves "c" of Figs. 2( a)-2(c) where it was assumed that the rate of volatilization of the Ge atoms and an equal number of Si atoms in the SiGe alloy proceeds at the rate measured for Ge atoms in single-crystal Ge. Figure 2(a) shows that for fluorine-based RIE the possible etch rate enhancement with increasing Ge content given by this model is smaller than the experimental data. Also for Cl-and Br-based RIE no good agreement with experiment is found [see Figs. 2(b) and 2(c)]. We need to conclude from these comparisons that the effect of the presence of Ge in the SiGe alloy on etch rate is more profound than just replacing a certain number of Si atoms with Ge atoms having different etching properties. The presence of Ge in the SiGe alloy increases the rate of volatilization of Si atoms as compared to rates measured for single-crystal Si. When discussing Fig. 1 we noted that the SiGe etch rate increased most strongly with Ge content for the F-based plasmas. This observation is now understandable since F-based etching of Si is characterized by a high spontaneous, chemical etch rate, and an increase in the Si atom reactivity due to the presence of Ge atoms in the crystal lattice will have a large effect on the etch rate. On the other hand, etching of Si and SiGe using chlorine and bromineplasmas relies on ion bombardment and a change in the reactivity of the substrate will have a smaller effect on the etch rate.
A small Ge concentration in the SiGe bulk could affect the volatilization of all substrate atoms if it would be enriched at the surface. At the surface it could facilitate by an (unknown) catalytic mechanism gasification of Si atoms but remain itself concentrated on the surface (all stoichiometrically complete germanium-halogen products are less volatile than the corresponding silicon-halogen prod-uctst6). For instance, increased growth rates of SiGe alloys due to germane addition have been explained by the presence of Ge on the SiGe surface which is thought to catalyze silicon growth by causing increased hydrogen desorption from Ge sites and enabling increased adsorption of film precursors on the growth surface.5.12 We could postulate a similar mechanism for dry etching where Ge atoms at the surface could increase halogen adsorption and increase Sihalogen product formation and desorption rates. A necessary but not sufficient condition for this kind of mechanism is Ge enrichment of the SiGe surface during etching. In Fig. 3 the Ge/Si surface element ratio of SiGe alloys after RIE obtained from the intensities of the Ge 3p and Si 2p photoemission peaks is displayed as a function of the bulk Ge/Si ratio (measured by Rutherford backscattering spectrometry). The GJSi ratios after CF, RIE are greater than the bulk Ge/Si values, i.e., the etched alloy surface is Ge rich. On the other hand, after CF,Cl, and HBr RIE the surface Ge/Si ratio is less than the bulk Ge/Si ratio, showing that the surface region is Si rich. The Ge enrichment of the SiGesurface after CF4 and SF, RIE is at least qualitatively consistent with a role of Ge in the elementary steps of the etching reaction. However, for CF,Clz and HBr RIE the SiGe surface is Sip rich and the SiGe etch rates are nevertheless enhanced over the independent species volatilization model. This indicates that other effects must be important as well in enhancing the SiGe etch rates, e.g., differences in electronic structure and strain between the SiGe alloys and a Si crystal may enhance the SiGe etch rates.
Changesin the electronic properties of the SiGe sub-strate~ could enhance the SiGe etch rate by increasing theavailability of electrons at the substrate surface which is the basis of the "doping effect" in Si.8*'T-'q~ For the SiGe films with the highest Ge concentration studied in this work the minimum band gap is u 1 eV as compared to 1.17 eV for unstrained Si.' (The band alignment and band offsets of SiGe with the Si substrate depend additionally on the presence of strain in the Si substrate.') These changes of the electronic properties of the SiGe alloy with Ge content make electron transfer from the semiconductor to chemisorbed halogens easier and are qualitatively consistent with the observed etch rate increase. The magnitude of the etch rate increase with impurity concentration seen here is smaller than etch rate efFects seen for the electronic dopants, e.g., the etch rate increase of a SiGe alloy containing CT 20% of Ge over that of Si is only a factor of 2 for F and less than that in the case of Br. The smaller changes in the etch rates are qualitatively consistent with the more subtle changes of the electronic properties of SiGe alloys with increasing Ge content (as compared to changes introduced by-the addition of group III and group VI dopants to Si).
Si and Ge in the pseudomorphic SiGe alloy on a Si substrate are highly strained which could increase the rate of formation of a volatile, strain-reducing phase. We compared the etch rates of strained SiGe deposited onto Si(100) with partially relaxed material (obtained by annealing for 30-min at 950 "C which introduced dislocations at a density of =2X 10s cm -'1. Within the experimental accuracy the etch rates of the two materials were the same. This result should indicate that strain effects alone do not play a dominant role.
In summary, we have studied RIE of opitaxial, strained Sit -,Ge, alloys, ~~0.20, in fluorine-, chlorine-, and bromine-based plasmas. The etch rates of epitaxial SiGe films increase with Ge concentration for all gases examined in this work. The etch rate increase is not accounted for by the greater rate of gasification of Ge atoms alone but the presence of Ge atoms in the SiGe alloy increase the rate of Si etch product formation. Germanium surface enrichment fore F-based-RIE and changes in the electronic properties of the SiGe alloy with Ge content which increase the availability of eIectrons at the substrate surface am important in explaining the increased etch rates. On the other hand, strained and partially relaxed SiGe have the same etch rates. In future work the-question why for F-based RIE the SiGe surface is Ge-rich while for Cl-and Br-based RIE it is Si rich needs to be addressed which should also improve our understanding of the etching of these materials.
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